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Thermococcus are an Archaeal genus of hyperthermophilic microorganisms found to 
be ubiquitously present in hydrothermal habitats. DNA analyses of Thermococcus isolates 
focusing primarily on isolates from the Juan de Fuca Ridge, Gorda Ridge, and South East 
Pacific Rise, were applied in order to determine the relationship between geographic 
distribution and relatedness. Amplified fragment length polymorphism (AFLP) analysis and 
multilocus sequence typing (MLST) were used to resolve genomic differences at the species 
and strain level in 90 isolates of Thermococcus, allowing for the detection of biogeographic 
patterns and evolutionary relationships within this genus. Isolates were differentiated at 
regional levels and into distinct lineages within regions. Although no correlation was found 
between environmental characteristics and genotype, the presence of distinct lineages within 
the same vent site suggests the utilization of different ecological niches by distinct 
Thermococcus species. A unique group of Thermococcus identified, that lacked geographic 
genetic structure, contained highly similar isolates from disparate regions. The anomalous 
nature of this group may be explained by a recent population divergence, having high 
dispersal potential or possibly in being a niche specific ecotype. In addition to the resolution 
of biogeographic patterns and evolution in Thermococcus that this study has provided, new 
questions have been raised about the closely related Pyrococcus genus. Analysis of loci GC 
ratios and the placement of Pyrococcus type strains in phylogenetic trees have demonstrated 
the close association between Thermococcus and Pyrococcus and the unresolved divergence 
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Microorganisms constitute the majority of known life forms making up greater than 
two-thirds of the metabolic and genetic diversity of the planet (1). The evolutionary forces 
responsible for shaping this vast amount of microbial diversity though have been a topic of 
debate. Historically microorganisms have been viewed as having panmictic distributions, 
being constrained only by environmental conditions (2), but in recent times there has been 
growing evidence for the divergence of microbial populations through isolation and genetic 
drift (3). The significance of physical isolation in shaping microbial diversity has been 
demonstrated in hyperthermophiles associated with terrestrial hot springs (1, 4). This raises 
the question of whether similar patterns can be observed in the island-like extreme 
environments of marine hydrothermal vents. 
In terrestrial environments, islands and the organisms associated with them can be 
geographically isolated leading to the divergence of populations through local adaptation and 
genetic drift. In marine environments hydrothermal vent systems and their biota exist as 
island-like ecosystems dispersed along plate boundaries and separated from one another over 
vast stretches of the seafloor. The unique nature of hydrothermal vents with their extreme 
chemical, nutrient and temperature gradients, and the discontinuous nature of these habitats 
makes them ideal for the study of biogeography and evolution where questions about 
dispersal, distance effects and ecologically influenced divergence can be investigated (5–7). 
Biogeographic patterns and population divergence have been well documented in 
hyperthermophilic microorgansisms that inhabit terrestrial hot springs (8, 9), but for 
hyperthermophilic microorganisms inhabiting marine hydrothermal vents descriptions of 
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biogeography have been uncommon (10–12). The limited descriptions of microbial 
biogeography at hydrothermal vents are in part due to the difficulty in culturing these 
organisms, a limiting step in most microorganisms. The isolation in culture of clonal 
organisms greatly enhances the ability to address questions of biogeography and evolution by 
making individual microbial genomes and the information they contain easily accessible (7, 
13, 14). 
The Archaeal order Thermococcales is a unique group of hyperthermophilic 
microorganisms found at hydrothermal vents that can serve as model organisms for the study 
of biogeography and evolution within these island-like habitats. Thermococcales belong to 
the Euryarchaeota phylum and consists of the three genera Pyrococcus (15), Thermococcus 
(16), and Paleococcus (17). The genera Thermococcus and Pyrococcus are commonly found 
inhabiting hydrothermal vents and are conducive to being studied as they are readily isolated 
in culture allowing for comparisons between individual isolates (18–21). Genome content 
differences between Thermococcus and Pyrococcus and a higher optimum growth 
temperature in Pyrococcus delineate these two closely related genera (22). Thermococcus 
though are the most frequently isolated and have the highest number of characterized isolates 
(18, 22–24).  
Although Thermococcus can grow at temperatures as low as 60°C, their ability to 
grow at 90°C results in their classification as hyperthermophiles (25, 26). Thermococcus 
genera consist in general of anaerobic heterotrophs that utilize a sulfur reduction pathway to 
fix organic carbon (26). However some species of Thermococcus require sulfur in order to 
grow while others do not having instead the ability to utilize other terminal electron acceptors 
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(18). Lithotrophic metabolic pathways have also been demonstrated in Thermococcus. The 
oxidation of carbon monoxide to CO2, a metabolism known as carboxydotrophy using carbon 
monoxide dehydrogenases (CODHs), has been described in the type strain Thermococcus 
onnurines as well as in other type strains, allowing for lithotrophic growth from carbon 
monoxide (24, 27–29). Thermococcus have also demonstrated the ability to grow through 
formate oxidation and H2 production, representing one of the simplest forms of anaerobic 
respiration (30). The ability to fix carbon or produce ATP through these low energy yielding 
metabolic pathways has been suggested to have important implications on survival in 
environments where energy supplies are at times transient or low (27, 30). In addition to 
having metabolic versatility, a number of putative hot and cold chaperonins and oxygen 
detoxifying enzymes have been identified in Thermococcus through whole-genome analyses 
(24, 31). These enzymes are hypothesized to aid in survival by maintaining protein function 
both within active vents as well as in low temperature and oxygenated environments. 
Thermococcales in particular are known for their ability to survive for extended periods in 
low temperature, oxygenated conditions (32), however the effect this resilience has on 
dispersal potential and biogeography has been difficult to ascertain. 
The historical premise of microorganisms having panmictic distribution and being 
constrained only by environmental factors (2), has been challenged by the alternate view that 
through clonal reproduction and with low levels of genetic exchange or geographic isolation, 
genetic drift and selection will lead to endemic populations (7). In the island-like extreme 
environments of terrestrial hot springs a correlation between geographic isolation and 
population divergence has been demonstrated in both Bacteria and Archaea. In the 
cyanobacteria Synechococcus and Archaeal Sulfolobus populations were shown to cluster by 
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geographic locale (8, 9, 33). With no significant correlation between genotype and 
environmental characteristics in these studies, population divergence was attributed to local 
adaptation and genetic drift. This raises the question of whether similar patterns can be 
observed in hyperthermophilic microorganisms inhabiting the island-like extreme 
environments of marine hydrothermal vents and if there is greater potential for dispersal in 
these marine environments.  
In the Thermococcales evidence of genetic drift and biogeographic patterns have been 
observed in populations of Pyrococcus through Multilocus Sequence Typing (MLST) and the 
analysis of genetic mobile elements (12). Populations of Pyrococcus from different regions 
were shown to be genetically differentiated through MLST and in a geographically isolated 
population from Volcano Island Italy genetic mobile elements were found to be at a high 
frequency. For Thermococcus, descriptions of population divergence and biogeography have 
proven enigmatic. This genus has been described in more general terms as being widespread 
and ubiquitous in hydrothermal habitats (23, 34). Studies of Thermococcus involving DNA 
analysis of small subunit ribosomal RNA (SSU rRNA) and the intergenic transcribed spacer 
region (ITS) have grouped environmental clones and isolates with reference strains from 
around the world (23, 34, 35). Although there has been evidence suggestive of a correlation 
between Thermococcus diversity, environmental conditions, and geography (18, 23, 34, 36), 
no strong biogeographic pattern has emerged. Analysis of Thermococcus by random 
amplified polymorphic DNA (RAPD) has identified a wide diversity of profiles from the 
same sample site and similar profiles from different sites, illustrating the biodiversity and 
dispersal potential detected within a hydrothermal vent field (35). Although it is accepted that 
Thermococcus are commonly found in hydrothermal systems, the lack of evidence for 
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biogeographic patterns has made it unclear whether populations are panmictic in their 
distribution or if they show levels of endemism at varying geographic scales. 
With the exception of RAPD analysis, the markers used in previous studies of 
Thermococcus have not had a high degree of genetic resolution. Two different and yet 
complementary DNA typing methods that utilize multiple sites from across the genome are 
MLST and Amplified Fragment Length Polymorphism (AFLP) analysis. MLST is a well-
established DNA typing method that uses the sequences of from five to seven conserved 
housekeeping genes spanning the genome, to construct robust phylogenetic relationships 
between related  microorganisms (37). When applied in environmental microbiology, MLST 
analysis delineated biogeographic patterns in Sulfolobus isolates sharing 99.8% sequence 
similarity for the SSU rRNA gene (9). MLST data have also provided a basis for defining 
species level boundaries through the comparison of loci and their average nucleotide identity 
(ANI) (38). ANI comparisons of MLST loci, with sequence similarities of 95% or greater, 
have been correlated with species level ANI values determined from whole-genome 
comparisons (38–40). By applying MLST analysis to Thermococcus isolates, the 
evolutionary relationships between isolates as well as their biodiversity can be described 
more accurately. In comparison to MLST analysis which looks at a limited set of gene loci, 
AFLP analysis utilizes genome wide restriction fragment lengths. Having high 
discriminatory power AFLP analysis allows for the typing of microorganisms down to the 
strain level (41–43). AFLP genome fingerprints may vary as a result of nucleotide sequence 
divergence as well as the movement of transposable elements, insertions or deletions, or 
genome rearrangements. Due to some of these changes occurring at rates more rapidly than 
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nucleotide sequence divergence, AFLP fingerprints have the potential to resolve more recent 
genome differentiation (44).  
Comparisons between fully sequenced Thermococcales genomes looking at gene 
synteny, have made apparent the significance that rearrangements have on genomic variation 
in this order (24, 27, 31). While there is evidence that genomic rearrangements in the 
Thermococcales may be the result of DNA damage from the extreme environments that these 
organisms inhabit (45–47), there is also evidence in support of genomic rearrangements 
resulting from recombination and transposition related events (12, 31, 48–50). By looking at 
genomic variation in Thermococcus within the context of a microbial species pan-genome, 
variation associated with rearrangements, in the core and dispensable genome, can be 
addressed more thoroughly (51, 52). Conserved loci used for MLST analysis are 
representative of a microbial species core genome while the genome wide restriction 
fragments used in AFLP analysis are representative of more variable regions associated with 
the dispensable genome where gene acquisition and loss occur more frequently.  
To address questions of biogeography, biodiversity and evolution within the island-
like extreme environments of marine hydrothermal vents, isolates of Thermococcus from 
different geographic regions were analyzed through the high resolution typing methods of 
MLST and AFLP. Thermococcus isolates were derived from the Juan De Fuca Ridge, Gorda 
Ridge, East Pacific Rise, Mid-Atlantic Ridge, Loihi Seamount, and the Mariana Arc. The 
primary objective of this study was the comparison among isolates from the Juan De Fuca 
Ridge, Gorda Ridge and East Pacific Rise, as the majority of the isolates analyzed were 
derived from these hydrothermal vent systems. 
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MATERIALS AND METHODS 
Thermococcales Isolates 
Sample material was collected from hydrothermal vent sites during research cruises 
between the years of 1988-2008. Both submersible and ROVs were used to collect a diversity 
of sample material that included plume samples, hot fluids, diffuse fluids, chimney walls, 
sulfide muds, and Alvinellid polychaete tissue samples. In this collection there are 86 
Thermococcus isolates cultured from the Juan de Fuca Ridge (JdF), Gorda Ridge, East 
Pacific Rise (EPR), Mid Atlantic Ridge (MAR) and Loihi Seamount (Table 1). Sample sites 
within the JdF and EPR are at similar spatial distances providing nested sampling within 
these two regions (Fig. 1). Distances between vents within regions range from ~65 km to 
~450 km, with distances between the two main regions in this study, the JdF and EPR, up to 
~7000 km. Study sites and sampling are as previously described (23, 34, 36, 53). Isolates in 
this culture collection were previously characterized through analysis of the SSU rRNA for 
genus level associations (23, 34, 36). Four additional isolates were cultured from 
hydrothermal vent samples collected at Loihi Seamount (Marker 36 and Marker 39) and the 
Mariana Arc (Bubble Bath and Champagne). Table S1 lists Thermococcus type strains 
included in AFLP and MLST analysis. Cultures of the type strains Thermococcus 
kodakarensis (JCM 12380) and Thermococcus onnurines (JCM 13517) were acquired 
through the Riken BioResource Center (Ibaraki, Japan) and were cultured and treated in the 
same manner as the other isolates in the collection. Genomic DNA for the type strains 
Thermococcus barophilus and Thermococcus peptonophilus were acquired from the 




Collected sample material was used to inoculate liquid media for the enrichment of 
Thermococcales. Media formulations were as previously described (23). All culture tubes 
and stoppers were pre-sterilized before use. Sterile media was dispensed into Balch tubes 
with the addition of approximately 0.5 g of sterile elemental sulfur. Balch tubes were sealed 
with stoppers (Bellco: butyl rubber septum) and crimped with aluminum seal (Bellco: 
aluminum seals) before the head space of each tube was exchanged with argon gas to remove 
oxygen, using a gassing manifold with 0.2µm filter, 1ml syringe and 28 gauge needle. 
Positive pressure was removed from culture tubes during gas exchange and prior to 
inoculating with a 60cc syringe with 0.2µm filter and 28 gauge needle. Prepared media were 
left under positive pressure until inoculated. Media was reduced by the addition of filter 
sterilized 2.5% sodium sulfide to a final concentration of 0.05 %. Sterile 1ml louver lock 
syringes and 28 gauge needles were used for adding reducing agent and inoculating media 
with 0.2ml of active culture when refreshing, or up to 0.5ml of sample material (fluid sample 
with fine sediment). Inoculated culture tubes were placed in dry sand baths in a drying oven 
and incubated at temperatures between 78 and 82°C for two to five days. Cultures were 
checked for growth by epifluorescence microscopy through the addition of 0.25mM SYTO 
13 (Molecular Probes, Eugene, OR) in 1X phosphate buffered saline. Cultures were stored at 
room temperature between inoculations. New isolates were obtained through dilution to 
extinction, with enriched cultures serial diluted out to 10-11. The most dilute culture with 
growth preceding a dilution with no growth was used in the subsequent dilution series with 




Genomic DNA (gDNA) extractions were made from freshly cultured cells. Cultured 
isolates were initially centrifuged at 750 x g for 5 minutes to remove sulfur with the 
supernatant removed for further centrifugation. Supernatant was centrifuged at 11,000 x g for 
10 minutes in a chilled rotor (4°C), with the cell pellet saved for gDNA extraction. The 
DNeasy Tissue Kit (Qiagen, Valencia, CA) was used following standard protocols with the 
gDNA being eluted in 10mM Tris with 0.1 mM EDTA at pH 8. A NanoDrop ND-1000 
spectrophotometer (Thermo Scientific, Wilmington, DE) was used to check DNA 
concentration and purity.  
AFLP Reactions 
AFLP analysis was performed using the Applied Biosystems (ABI) AFLP Microbial 
Fingerprinting kit (Applied Biosystems, Carlsbad, CA). Reactions and PCR conditions were 
as described in kit protocols using the restriction enzymes EcoRI and MseI. Primers for the 
selective amplification of restriction fragments of between 50 and 500 base pairs were 
initially designed through an in silico analysis of Pyrococcus abysii, Pyrococcus furiosus, 
and Pyrococcus horikoshii genomes. Two selective primer sets were used in separate 
reactions to obtain two individual AFLP profiles (EcoRI-0 and MseI-CT, and EcoRI-C and 
MseI-G). AFLP reactions were purified across Sephadex G-75 columns and dried down in a 
96 well plate before being resuspended in 15µl of a 1:30 dilution of Liz-500 (ABI) size 
standard in formamide. Fragment lengths were analyzed using an ABI Prism 3130XL 
Genetic Analyzer. Electropherograms were optimized with samples rerun or diluted when 
necessary to obtain relatively similar peak heights among isolates. Electropherogram data 
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was checked for quality using ABI Genemapper software, and imported into BioNumerics 
version 4.61 (Applied Maths, Sint-Martens-Latem, Belgium) for further analysis. 
Cluster Analysis  
Cluster analysis of electropherogram data was performed in BioNumerics version 
4.61 using the Pearson product-moment correlation coefficient (54). Cluster analysis of 
individual primer sets were combined and averaged to construct a dendogram, with 
cophenetic correlation coefficients calculated at nodes. 
MLST Primer Design 
Primers for MLST analysis were designed using nucleotide alignments from the 
following six annotated genomes: Thermococcus kodakaraensis KOD1 (31), Thermococcus 
onnurineus NA1 (27), Thermococcus gammatolerans EJ3 (24), Thermococcus sp. AM4 (28), 
Thermococcus barophilus MP (55) and Thermococcus sibiricus (49). Gene sequences 
retrieved through GenBank were aligned using the CLUSTALW multiple sequence aligner 
(56). Candidate genes were screened for conserved regions suitable for the amplification of 
between 300 and 500 base pairs. Loci associated with information processing and 
metabolism were the focus in identifying MLST candidate genes, along with the distribution 
of loci across the genome. Gene loci positions determined from GenBank were plotted for 
the six reference genomes to check distribution and compare gene synteny (FIG. S1). A 
portion of the following seven loci were picked for MLST analysis: SSU rRNA, Elongation 
Factor 1 Alpha subunit, DNA topoisomerase VI Alpha subunit, DNA polymerase II large 
subunit, threonyl-tRNA synthetase, pyruvate ferredoxin oxidoreductase Beta subunit, and 
histone acetyltransferase. Primer3 was used to design primers (57). Degenerate primers were 
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designed for all loci, with the exception of the SSU rRNA gene, in order to account for the 
diversity present in the six reference genomes. For primer sequences see supplementary 
material (Table S2). Primer pairs designed for the seven loci resulted in PCR amplicons with 
the following approximate sizes in base pairs (bp): SSU rRNA 480bp, EF1α 534bp, DNA 
polymerase II 540bp, DNA topoisomerase VI 530bp, Hitone Acetyltransferase 383bp, 
Pyruvate ferredoxin 335bp, and Threonyl tRNA synthetase 458bp. The concatenated 
alignment of all seven loci following the trimming of sequence data and removal of gaps 
resulted in ~2,650bp of nucleotide sequence for analysis. 
Loci PCR and Sequencing 
The following PCR reaction mix was used for the SSU rRNA and EF1α loci: 50ng of 
gDNA template, 0.5µl JS Taq (2.5U/µl; Sigma) per 50µl rxn, 1X taq PCR buffer, 1.5mM 
MgCl2, 0.2mM each deoxynucleoside triphosphate, 0.2µM each forward and reverse primer, 
and molecular grade water to a total volume of 50µl. For the SSU rRNA the following PCR 
cycle was used: an initial 10 min. hot start at 95°C, followed by 30 cycles of denaturation 
(95°C for 30 sec.), annealing (58°C 30 sec.), and elongation (72°C for 30 sec.). This was 
followed by a final elongation step at 72°C for 7 min. For the EF1α loci the PCR cycle was 
the same as the above with the exception of a 56°C annealing temperature. For the remaining 
six loci the PCR mix and PCR conditions were the same as the above with the exception of a 
0.8µM concentration for forward and reverse primers, and 55°C annealing temperature. PCR 
amplicons were verified and checked for size through gel electrophoresis. Loci were 
sequenced through Sanger sequencing using ABI BigDye Terminator v3.1. Nucleotide 
sequences were contiguously assembled using the BioNumerics sequence aligner. 
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Contiguous nucleotide sequences were verified as having a closest match to Thermococcus 
sequences through an NCBI BLAST search. The ExPASy web site (Swiss Institute of 
Bioinformatics) was used to determine the correct reading frame for protein coding genes 
before nucleotide sequences were translated into amino acid sequences using MEGA version 
5 (MEGA5) (58). Sequences of individual loci were aligned by ClustalW in MEGA5 with all 
gaps removed.  
Loci Test For Selection 
A sequence based test for selection was performed on the entire sequence length of 
each protein coding locus using the Datamonkey online server (59). Non-synonymous verses 
synonymous (dN/dS) ratios were calculated on the in-frame nucleotide alignments of 
individual loci.  
Phylogenetic Analysis 
Maximum likelihood (ML) phylogenetic trees were constructed using the RAxML 
black box online server (60). A mixed/partition model was applied to the concatenated 
alignment of nucleotide (SSUrRNA) and amino acid sequences, using the default nucleotide 
CAT model (60, 61) and the WAG (62) protein model, with per gene optimization of branch 
lengths and 100 bootstraps. Tree files were run ten times with the lowest log likelihood 
selected. The concatenated ML tree was rooted using the Crenarcheaota Staphylothermus 
marinus as an outgroup. Homologs in Staphylothermus marinus for six of the seven loci (no 
homolog was found for DNA polymerase II) were independently aligned with isolates and 
type strains before being concatenated for phylogenetic analysis and rooting of tree using the 
parameters described above. Clades were assigned to distinct groupings of three or more 
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isolates. Bootstrap values of twenty and above were reported. ML trees were constructed for 
individual loci as well as the concatenated alignment of all seven loci. The individual SSU 
rRNA tree was rooted using Staphylothermus marinus as an outgroup and with the addition 
of Palaeococcus ferriphilus and Palaeococfcus helgesonii sequences (17, 63). Unrooted trees 
were constructed from amino acid sequences for the remaining six loci. Isolate groupings 
between loci were checked for congruence, through visual comparisons between individual 
loci trees, to determine if isolate gene histories were in agreement.  
MLST Clade Analysis  
Average Nucleotide Identity (ANI). The 2,648bp nucleotide sequence of concatenated 
loci was used for ANI analysis of clades (38–40). ANI values were calculated through 
BLAST (bl2seq; NCBI BLAST) with the lowest similarity value in comparisons between 
isolates recorded as the ANI for a particular clade.  
%GC. The six protein coding loci were used for the analysis of %GC of clades using 
the Datamonkey online server (59). 
Linkage Analysis. Linkage between loci was tested using the Non-redundant database 
(NRDB; PubMLST) and Linkage Analysis (LIAN) version 3.5 (64). Isolate loci were coded 
through NRDB and the null hypothesis of linkage equilibrium for clades was tested using 
LIAN 3.5 with the standardized index of association (IA) reported. 
Codon GC Ratios 
Ratios of %GC for first and third codon positions were analyzed as a measure of gene 
history (65). The average %GC for first and third codon positions of the six protein coding 
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loci were calculated for individual clades, and individual isolates and type strains when not 
included in Clades I-X, using MEGA5 (58). Two dimensional plots of %GC were 
constructed for individual loci as well as a combined plot of the average %GC for all six loci. 
First and third codon %GC were calculated by taking the average of a codon position for all 
isolates of a clade, or the codon %GC for single isolates, and plotting on X and Y axes. The 
averages for first and third codon position were plotted in a similar manner previously shown 
to differentiate genomic variation in bacteria (66). 
Mantel Test 
A Mantel test comparing geographic distance and genetic distance was performed 
using the statistical software zt (67). Pairwise genetic distances were calculated in MEGA5 
using the Maximum Composite Likelihood model (58). Geographic distances between vents 
were recorded in kilometers and calculated from hydrothermal vent latitude and longitude. 
Matrices of isolate genetic and geographic distance were compared to test the null hypothesis 
of independence between matrices. A simple Mantel test with 10,000 randomizations was 
performed on all isolates, on isolates from the two main regions being investigated (JdF and 
EPR) and on phylogenetically related clades. 
Analysis of Molecular Variance 
Analysis of Molecular Variance (AMOVA) was calculated in Arlequin version 3.11 
(68) on the concatenated nucleotide sequences of all seven loci. AMOVA was used to test for 
correlations between sample type and sample site. Isolates were grouped by the sample type 
that they were isolated from, and by the hydrothermal vent site from which they were 
isolated, with the p value significance test for variance carried out using 10,000 permutations.  
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Principal Component Analysis 
Principal Component Analysis (PCA) was performed on AFLP band calling data 
using BioNumerics version 4.61. AFLP band calling data were collected through the 
automated selection of bands from both primer sets using the following parameters: a 
minimum profiling of 5% for primer set 1, a minimum profiling of 10% for primer set 2, and 
for both primer sets the optimization and position tolerances for selecting bands were set to 
0.10 %. Band calling resulted in an average of 14 bands per isolate for primer set 1 and an 
average of 15 bands per isolate for primer set 2. Band calling data for both primer sets were 
combined and converted into a binary presence absence table for PCA. Default settings were 






The dendogram topology for cluster analysis of AFLP data is well supported by 
cophenetic correlation coefficients (Fig. 2). Through cluster analysis isolates are grouped by 
similarity with a general pattern of isolates grouped by region. Isolate diversity is 
exemplified by the number of distinct clusters found within the two main regions, with up to 
six distinct clusters identified from the JdF and five from the EPR. Many of the clusters 
consist of isolates from more than one vent site within a region, more than one sample type, 
and isolates from different sampling years. Isolate groupings also illustrate the dispersal 
potential between vent sites within a region with clusters containing isolates from vents 
spread throughout a region. Isolates previously identified through SSU rRNA analysis as 
Pyrococcus cluster together with the exception of isolate MV7. Type strains analyzed by 
AFLP as well as isolates from regions other than the JdF, Gorda Ridge, or EPR had low 
similarity with other isolates in this study with the exception of the type strain Thermococcus 
onnurines isolated from the Papua New Guinea-Australia-Canada-Manus (PACMANUS) 
field (19). The cluster containing T.onnurines, the Gorda Ridge isolates, and isolate CX3 
showed high similarity (≥ 68%) between isolates from different regions. 
Loci Test for Selection 
Analysis of the individual alignments for the six protein coding loci (EF1α, DNA 
topoisomerase VI, DNA polymerase II, threonyl-tRNA synthetase, pyruvate ferredoxin 
oxidoreductase and histone acetyltransferase) did not show evidence for any of the loci 
17 
 
undergoing strong selection (Table S3), making these loci suitable for MLST analysis. Ratios 
of dN/dS were consistent with dN/dS ratios reported for conserved genes under purifying 
selection (69).  
Phylogenetic Analysis 
The ML tree for the concatenated alignment of MLST loci differentiated isolates into 
clades that are in agreement with isolate groupings through cluster analysis (Fig. 2 & 3). 
Isolates from the two main regions investigated, the JdF and EPR, were differentiated into 
distinct lineages that are phylogenetically related across these two regions (Fig. 3). There is a 
general pattern of isolates differentiating by region with individual clades made up of isolates 
from the same region. Regional groupings are most apparent in the isolates associated with 
the JDF and EPR, but regional groupings are also observed in the two isolates from the 
Mariana, the type strains T. peptonophilus and T. kodakaraenis both from Japan, and the type 
strains T. sp. 4557 and T. sp. AM4 from the EPR, grouping with two different lineages that 
are both from the EPR. Exceptions to regional groupings are seen in Clade I and Clade X. 
Clade I contains isolates from the JdF Ridge and Loihi, and the type strain T. barophilus 
from the Mid Atlantic Ridge (MAR). Clade X contains isolates from the Gorda Ridge, an 
isolate from the CoAxial Segment of the JdF and the type strain T. onnurines from the 
PACMANUS Basin, with all of these isolates having high sequence similarity. Pyrococcus 
type strains along with Clade I, the type strain T. sibiricus and isolate MV5 are placed in a 
basal position in the phylogenetic tree, ancestral to Clades II-X. Tree distances for Clade I 
and Pyrococcus type strains to Clades II - X are comparable, with the type strain P. yayanosii 
having the shortest tree distance to Clades II-X from this basal group. The divergence 
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between Pyrococcus type strains and Thermococcus isolates in the ML tree of concatenated 
loci, rooted with Staphylothermus marinus, is unresolved. The ML tree for the SSU rRNA 
gene rooted with Staphylothermus marinus and with the inclusion of Palaeococcus species, 
places Clade I in an ancestral position to both the Pyrococcus type strains as well as the other 
Thermococcus isolates found in Clades II-X (Fig. 4). Unrooted ML trees for individual loci 
show congruence in isolate grouping between the six protein coding loci with the same 
isolates grouped across trees (Fig. S2-S7). Clade X showed the greatest variation in 
placement within trees (see placement in the pyruvate ferredoxin oxidoreductase tree in 
comparison to other loci trees).  
MLST Clade Analysis 
ANI. Analysis of clade ANI allowed for clade diversity to be expressed in the context 
of species level boundaries (ANI ≥ 95%) (38–40). Clades I, II, and III have ANI values 
below 95% reflecting diversity beyond the individual species level (Table 2). Clades IV-X 
have ANI values at or above 95% and can therefore be theoretically categorized as individual 
species. Pairwise comparisons between all clades (data not shown) result in ANI values 
<95%, therefore individual clades can be considered to be distinct species.  
%GC. Analysis of %GC was applied in order to look for differing gene histories of 
clades, as GC content has been correlated with phylogeny (65). Variation in %GC was 
observed between all clades (Table 2) with Clade I having the lowest %GC in comparison to 
other Thermococcus clades in this study, and with a %GC closer to what has been reported 
for Pyrococcus genera (70). Clade X has the next lowest %GC in comparison to clades II-IX.  
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Linkage Analysis. Linkage analysis was applied to test for linkage between MLST 
loci. In clonal organisms linkage between loci (linkage disequilibria) is expected with 
evidence of unlinked loci (linkage equilibria) associated with gene transfer or recombination 
events. Linkage analysis for individual clades rejected the null hypothesis of linkage 
equilibria, with the measure of linkage (IA) significantly different from zero and or not 
significant when approaching zero. This was in agreement with individual loci phylogenetic 
trees where congruence in isolate groupings was observed between individual trees. 
Codon GC Ratios 
Plots of the average %GC for individual protein coding loci (Fig. S8) and the 
combined plot (Fig. 5), illustrate the differences in %GC at first and third codon positions for 
clades and isolates or type strains in the phylogenetic tree. Clade I along with the type strain 
Thermococcus sibiricus and isolate MV5 have %GC ratios that are closest to Pyrococcus 
abysii, Pyrococcus sp. NA2, Pyrococcus horikoshi, and Pyrococcus furiosus, in agreement 
with the phylogenetic tree. Pyrococcus yayanosii, which has been shown to have a higher GC 
content in comparison to other Pyrococcus (71), has %GC ratios closer to those calculated 
for the Thermococcus isolates in Clades II-X.  
Mantel Test 
Mantel’s analysis testing for correlations between genetic distance and geographic 
distance did not find a significant correlation when looking at all isolates or isolates from the 
JdF or EPR (Table S4). The lack of a correlation at these scales is in part due to the degree of 
genetic diversity present within regions and within vent sites. Analysis of phylogenetically 
related clades from the two main regions (JDF and EPR) did find a significant correlation 
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between genetic distance and geographic distance. An exception to this is the analysis of 
Clades IX and X, where geographic distance and genetic distance are not correlated, 
reflecting the unique nature of these isolates (in particular Clade X) with isolates not 
differentiated at regional levels.  
Analysis of Molecular Variance 
AMOVA Analysis of MLST nucleotide data did not show a significant correlation 
between isolate groupings and environmental characteristics. Variation in isolates grouped by 
sample type (-1.1% of variation p = 0.324) and by sample site (16.2 % of variation p = 0.121) 
was not significant. This suggests that isolate groupings are not correlated with sample site or 
the descriptions for sample type that the isolates were collected and cultured from.   
Principal Component Analysis 
Principal component analysis of AFLP band calling data described 16.8% of the total 
variation in the first three principal components (Fig. 6). Principal components 1 and 2 
plotted on the X and Y axes respectively differentiate isolates from Clade I and Clade X from 
other isolates in this study. Principal component 3 plotted on the Z axis differentiates isolates 




A comparison of Thermococcus isolates through AFLP and MLST analysis have 
made biogeographic patterns evident. The strongest biogeographic patterns observed are 
between northern isolates from the Juan de Fuca Ridge and southern isolates from the East 
Pacific Rise. These two regional populations, at the JdF Ridge stretching from the Middle 
Valley segment to the Cleft segment and at the EPR from the Guaymas Basin to 21° south, 
have diverged at least three times (Fig. 4). Phylogenetic analysis suggests that lineages 
shared between these two regions colonized and then diverged from one another; however 
these data do not suggest a simple model of isolation by distance. Lineages from the JdF 
Ridge consist of isolates with high similarity from vent segments spread throughout this vent 
system, and lineages from the South EPR share similarity with isolates and type strains from 
the North EPR and Guaymas Basin suggesting that there is high dispersal in the 
Thermococcus genus. Isolation and subsequent divergence among these lineages may be due 
to the discontinuous nature of the plate boundary and its associated hydrothermal vents, as 
the North American Plate overrides the Pacific plate creating a physical barrier to dispersal. 
Analysis of Thermococcus isolates from a more contiguous series of hydrothermal venting 
regions, like the Mid Atlantic Ridge, would be useful in further resolving the relationship 
between dispersal and genetic distance in this genus. 
The distribution of Thermococcus and dispersal observed within regional populations 
may result from an ability to survive outside of the hydrothermal vent environment for 
extended periods of time, allowing for dispersal between active vents and the potential for 
leapfrogging from one vent to another. Dispersal over great distances is a possibility that 
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must be considered particularly when looking at isolates in Clade X, where high sequence 
and AFLP profile similarity is apparent in isolates from vent sites ~9500km apart. Although 
Clade X was anomalous in these analyses it poses an interesting dilemma for developing 
theories to explain the relatedness of these isolates. Some possible explanations for the high 
similarity observed in these isolates may include: a recent divergence, the acquisition of 
advantageous genes allowing for extended survival outside of the vent environment or an 
increased metabolic potential resulting in the generation of a niche specific ecotype. Isolates 
in Clade X collected from the Gorda Ridge have already been shown to grow over an 
atypically broad range of temperatures (45-90°C) for hyperthermophiles (72). The discovery 
of the CODH gene cassette in the type strain T. onnurines, found in Clade X, and the 
occurrence of these genes in other distantly related type strains (Fig. 4) may be indicative of 
a gene transfer event providing a selective advantage. With five of the seven isolates from 
Clade X collected from a plume event it is also intriguing to consider this population 
representative of a unique subsurface ecotype (72). During a plume event buoyant 
hydrothermal fluids are released from a subseafloor reservoir (73). Having residence times of 
from months to years and detectable thousands of kilometers from their origin (74, 75), 
hydrothermal plumes could be vehicles for the dispersal of microorganisms from 
hydrothermal vents over great distances. Long distance dispersal of thermophiles either 
through continuous venting or plume events has been proposed with the detection of 
thermophilic activity in enrichments of deep-sea sediment collected far from any known 
hydrothermal venting (76). The true nature of Clade X will require further investigating but 
in having the full-genome sequence of the type strain T. onnurines, comparisons can be made 
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against other fully sequenced Thermococcus genomes to address questions regarding the 
anomalous nature of this group. 
Clade I represents a unique group in comparison to the other clades in this study as it 
also contains isolates from different regions, although with lower sequence and AFLP profile 
similarity between isolates there may be inadequate sampling to represent biogeographic 
patterns in this group. The most notable characteristic of Clade I is the phylogenetic distance 
between this clade and the other Thermococcus isolates in this study and the close proximity 
of Clade I to Pyrococcus type strains (Fig. 3). Both Clade I and Pyrococcus type strains are 
placed in an ancestral position to Thermococcus isolates from Clades II-X (Fig. 3 and 4). 
Clade I also has GC ratios that are closer to those reported for most Pyrococcus (Fig. 5 and 
Table 2), illustrating the divergence of the Clade I lineage and the Pyrococcus genus from the 
other Thermococcus isolates examined in this study. The SSU rRNA gene tree rooted with 
the Crenarchaeota Staphylothermus marinus and including Palaeococcus species (Fig. 4) 
places Clade I in an ancestral position to both Pyrococcus type strains and Thermococcus 
isolates from CladesII-X, resulting in paraphyletic groupings for Thermococcus and 
Pyrococcus genera. These data suggest that Clade I is a close sister lineage to Pyrococcus 
requiring reclassification.  
The significant biodiversity present in the Thermococcus genus has been made 
evident in this study with examples of three or more species level groups co-occurring within 
the same hydrothermal vent. Lineages observed through cluster and phylogenetic analyses 
are representative of distinct species that are prevalent throughout a region. Divergence 
between lineages encompassing broader levels of diversity, for example Clades I and II from 
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Clades VII and VIII, can also be observed in the phylogenetic analysis (Fig. 3). The 
conserved nature of these two larger lineage groupings is evident in the fact that they are 
present in the two main regions investigated (JdF and EPR) and have been maintained 
spatially and temporally, diverging at regional levels due to isolated populations. These 
distinct lineages have likely evolved through ecological adaptations which have allowed 
them to coexist at the same vent site through the utilization of different niches. A correlation 
between environmental habitat and phylogeny has been described in a previous study which 
examined many of the same isolates used in this study. The hydrothermal vent habitats of 
sulfide chimneys and subseafloor zones were proposed as the differing selective 
environments involved in the maintenance of diversity and correlated with phylogeny in the 
Thermococcus isolates investigated (36). Although no significant correlation between isolate 
lineages and environmental characteristics were found in our study, the larger divergence 
between lineages observed in the phylogenetic tree may well be due to the differing source 
environments previously described (36). Defining the source habitat is extremely difficult 
though particularly when considering the continuous mixing of fluids within subsurface 
hydrothermal conduits and the limitations imposed by current sampling techniques. While it 
may not be possible to improve greatly on sampling techniques in the near future, the 
biodiversity described can be investigated more thoroughly through metagenomic and 
metatranscriptomic analyses of the metabolic characteristics associated with different 
lineages with an emphasis on how these metabolic characteristics relate to the utilization of 
different habitats.   
Being cognizant of the genetic diversity present in the Thermococcus genus, AFLP 
and MLST data were investigated for evidence of genomic rearrangements and gene transfer 
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events. The conserved nature of MLST loci, evident in dN/dS ratios (Table S3), linkage 
analysis (Table 2), and in the congruence in isolate groupings between individual loci 
phylogenetic trees (Fig. S2-S7) supports the theory that conserved housekeeping genes 
within a species pangenome are unlikely to undergo gene transfer or recombination (51, 52). 
AFLP analysis also tended to support the relative low impact of genome rearrangements on 
individual lineages, with the same lineages identified between both typing methods (Fig 2 
and 3). Although AFLP analysis detected greater genomic variation in lineages as compared 
to MLST, the effects of genome rearrangements and the subsequent genomic variation is not 
extreme enough as to obscure isolate groupings altogether. In contrast, the analysis of AFLP 
band calling data through PCA (Fig. 6) provides evidence suggestive of regionally related 
recombination detected in restriction fragment length variation, having a cohesive effect in 
isolates at regional levels.  
Horizontal gene transfer (HGT) and recombination are believed to play a significant 
role in the mixing of populations and shaping of microbial diversity (77–79). The 
significance of HGT and recombination have been brought into question however (e.g., 
extrinsic and intrinsic barriers to gene transfer and recombination), with a decrease in both of 
these events observed as geographic distance and phylogenetic distance between 
microorganisms increase (33, 80, 81). While MLST loci in this study do not provide 
evidence for gene transfer between Thermococcus isolates, there is evidence from the 
analysis of AFLP data by PCA (Fig. 6) suggestive of geographically related recombination 
events. Through PCA of phylogenetically distinct lineages present in the two main regions 
studied, lineages are differentiated into larger regionally related groups (observed in the plot 
of isolates on the Z axis). This is in contrast to what is depicted in the ML phylogenetic tree 
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constructed from MLST data (Fig 3) where isolates from a shared region are differentiated 
into distinct clades. Shared characteristics at regional levels, between divergent lineages, may 
be detected in AFLP data through PCA as the genome wide restriction fragment lengths used 
for AFLP are more representative of variable regions of the genome where gene acquisition 
and loss occur more frequently.   
In studies from both geothermal hot springs and marine hydrothermal vents 
biogeographic patterns have been demonstrated for mobile genetic elements and viruses. 
Through the analysis of viral genomes associated with Sulfolobus geographically distinct 
viral populations have been identified, with viruses shown to be associated with geothermal 
regions (82). In the same study analysis of Clustered Regularly Interspaced Short 
Palindromic Repeat (CRISPR) regions in Sulfolobus, which provide a record of host-virus 
interactions, also demonstrated biogeographic patterns. In another study looking at integron-
integrase genes at marine hydrothermal vents, phylogenetically distinct lineages were 
identified from different sites suggesting endemism (83). This study proposed that gene 
transfer associated with integron genes may take place between populations within a vent 
habitat, but not between populations from distant vents. Biogeography in integron families 
has also been described in a marine Vibrio, with different species of Vibrio from a shared 
geographic region having higher similarity in integron genes in comparison to the same 
species of Vibrio from different geographic regions (84). In the Thermococcales, 
geographically associated recombination has been reported through the identification of a 
shared 16kb region that is flanked by IS elements, found in Pyrococcus furiosus and 
Thermococcus litoralis, both of which were isolated from Vulcano Island Italy (50). Mobile 
genetic elements like insertion sequence elements and transposons, identified in a number of 
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Thermococcales genomes (12, 31, 48–50), along with CRISPR regions and other viral related 
elements (24, 31, 49, 55, 85), can be investigated through genome comparisons between 
Thermococcus populations from varying geographic locations for additional evidence in 
support of regionally related recombination. When considering the biogeographic patterns 
that have already been demonstrated for mobile genetic elements in both terrestrial and 
marine environments, there is growing evidence for a biogeographic component to gene 
transfer and recombination involved in the shaping of microbial diversity. 
The ability to observe divergence in microorganism is largely dependent on the 
geographic scale investigated and level of genetic resolution applied, by identifying the 
appropriate scale and resolution the impact that geography and barriers to dispersal have on 
the overall diversity of microorganisms are now being realized. Biogeographic patterns 
illustrated in the Archaeal genus Thermococcus show that even in microorganisms with 
dispersal over thousands of kilometers, divergence can occur when populations are isolated 
from one another. This study begins to elucidate the level of genomic resolution required to 
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FIG. 2. Cluster analysis of AFLP data through the Pearson product-moment correlation 
coefficient and UPGMA methods. Isolates and type strains are clustered by percent 
similarity with the general pattern of isolates clustered into regionally related clusters 
consisting of isolates from varying sample types and sample sites.  
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Juan de Fuca Ridge
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FIG. 3. Maximum likelihood (ML) phylogenetic tree of the concatenated amino acid and 
SSU rRNA sequences constructed using RAxML with a mixed/partitioned model and per 
gene optimization of branch lengths with 100 boot straps. Boot strap values of twenty and 
above are reported. The Crenarchaeota Staphylothermus marinus was used as an outgroup to 
root tree using homologs for six of the seven loci. Genomes containing carbon monoxide 
dehydrogenase genes are labeled CODH. 
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FIG. 4. Maximum likelihood phylogenetic tree of the SSU rRNA with the inclusion of Palaeo-
coccus species and rooted with Staphylothermus marinus. Clade I is placed in an ancestral 
position to both Pyrococcus type strains and Thermococcus isolates in clades II-X.
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FIG. 5. Average % G+C for first and third codon positions of six protein coding
loci. Averages were taken for clades and for individual isolates or type strains
when not associated with clades I - X. Closed circles are Pyrococcus and open
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Clade ANI % GC I A p value
I 91% 45.50 0.3667 0.001
II 94% 57.65 0.0189 0.394
III 93% 57.97 0.4845 0.001
IV 98% 59.05 -0.0352 0.605
V 97% 57.43 0.6179 0.001
VI 99% 58.49 0.5873 0.001
VII 99% 59.03 0.3644 0.001
VIII 95% 59.64 0.0328 0.248
IX 99% 57.03 0.1061 0.251
X 99% 55.93 0.6356 0.001
TABLE 2. Clade analysis for Average Nucleotide Identity (ANI),
%GC and test for linkage between loci with the Index of
association (I A) and probability value reported. 











































































































































































































































































































FIG. S2. Unrooted ML tree for elongation factor 1 alpha subunit





































































































































FIG. S3 Unrooted ML tree for DNA polymerase II large subunit





































































































































FIG S4. Unrooted ML tree for DNA topoisomerase VI alpha subunit
















































































































































FIG S5. Unrooted ML tree for pyruvate ferredoxin oxidoreductase beta subunit.

















































































































































FIG S6. Unrooted ML tree for histone acetyltransferase




































































































































































FIG. S7. Unrooted ML tree for threonyl tRNA synthetase
       52
FIG. S8. Average % G+C for first and third codon positions of individual protein coding loci. Averages
were taken for clades and for individual isolates or type strains when not associated with clades I - X.
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Gene Locus dN/dS
DNA Polymerase II 0.1106
DNA Topoisomerase VI 0.0199
Elongation Factor 1α 0.0623
Histone Acetyltransferase 0.0483
Pyruvate Ferredoxin Reductase 0.0464
Threonyl tRNA Synthetase 0.0371
TABLE S3. dN/dS ratios calculated for MLST protein coding loci
as a measure of selection. Loci dN/dS values reflect the
conservation of these genes under purifying selection. 
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Mantel Test r2 p ≤ 0.05
All Isolates 0.016 0.0229
Juan De Fuca Isolates 0.007 0.0425
South East Pacific Rise Isolates 0.006 0.1186
Clade I 0.312 0.0511
Clades II & III 0.719 0.0001
Clades IV, V & VI 0.603 0.0003
Clades VII & VIII 0.699 0.0001
Clades IX & X 0.008 0.3579
TABLE. S4. Mantel Test for selected isolates. Phylogenetically realated
clades from different regions show a significant correlation between genetic
distance and geographic distance with the exception of Clades IX and X.  
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